Abstract In this study, the occurrence and removal of twenty-nine pharmaceuticals and personal care products (PPCPs) in two water treatment plants (WTPs) in China were investigated. WTP1 employed ozonation and granular active carbon (GAC) filtration after coagulation and sedimentation, while WTP2 applied anthracite and GAC filtration instead. In the influent, six and four selected PPCPs with total concentrations of 554.97 and 12.94 ng/L were detected in WTP1 and WTP2, respectively (in October), among which, sulfamethoxazole and erythromycin were detected with highest concentrations due to their widely used as both human and veterinary medicines. PPCPs removal varied significantly among compounds and treatment units. In general, coagulation, filtration and single GAC units worked inefficiently and removed the detected PPCPs by less than 50%, as they were not hydrophobic. Ozonation was capable to eliminate a majority of PPCPs by more than 90%, which, however, presented limited mineralization and generated a certain amount of degradation by-products. To seek the improvement of PPCPs removal by coagulation and flocculation, the feasibility of adding hydrogen peroxide (H 2 O 2
Introduction
Developments in analytical methods and instruments have brought the water quality monitoring to an unprecedented level. The mystery of micropollutants in water is unveiled and presented to public. Pharmaceuticals and personal care products (PPCPs) belong to micropollutants, which consist of a wide range of organic compounds including drugs, antibiotics, hormones. They draw a lot of attention in recent years because of their potential accumulation and chronic toxicity to organisms (Boxall et al. 2004; Daughton and Ternes 1999; Hirsch et al. 1999; Snyder et al. 2003) .
PPCPs are largely produced and consumed all over the world. After been taken, they are partly digested in organisms. The parent compounds and their products are discharged into sewage treatment plants (STPs), which go through incomplete degradation and finally reach the aquatic environment and occur in surface water and source water (Bound and Voulvoulis 2006; Kolpin et al. 2002; Park et al. 2014; Sarmah et al. 2006 ; Thorsten et al. 2003) . Kolpin et al. (2002) conducted a survey on the occurrence of pharmaceuticals in US streams. The results showed that three PPCPs, including erythromycin-H 2 O, sulfamethoxazole, and acetaminophen, were detected with great frequency, of which the max concentrations were 1.7, 1.9, and 10 lg/L, respectively (Kolpin et al. 2002) . Yang et al. (2013) reported the detection of caffeine, acetaminophen and ciprofloxacin in Pearl River Delta in China with the highest concentration of 865, 339, and 304 ng/L, respectively. PPCPs contamination during dry seasons and colder periods were more severe (Azzouz and Ballesteros 2013; Kim et al. 2007 ; Loraine and Pettigrove 2006; Padhye et al. 2014; Vieno et al. 2005; Zhang et al. 2011) . For instance, Azzouz and Ballesteros (2013) launched a threemonth monitoring of PPCPs occurrence in a water treatment plant (WTP) influent, of which the concentrations were higher in autumn and winter (12-314 ng/ L) as compared to that in spring and summer (8-127 ng/L).
PPCPs are continually found in source water, while the elimination of them in WTPs is incomplete, which varies significantly among different micropollutants and treatment processes (Benner et al. 2013; Stackelberg et al. 2004; Ternes et al. 2002; Vieno et al. 2006) . Coagulation, flocculation, and sedimentation are typical treatments to reduce particles and turbidity. As the first processes of WTPs, their removal efficiency was reported quite limited toward a majority of polar and semi-polar PPCPs (Adams et al. 2002; Ternes et al. 2002; Westerhoff et al. 2005) . Westerhoff et al. (2005) suggested that chemical lime softening or coagulation by ferric chloride and aluminum sulfate removed less than 25% of studied PPCPs in lab-scale. Similar poor removal was observed in waterworks by Ternes et al. (2002) . Reports of PPCPs removal by sand filtration or other filters and by activated carbon adsorption varied among studies (Meffe et al. 2010; Padhye et al. 2014; Ternes et al. 2002; Zearley and Summers 2012) . For example, Zearley and Summers (2012) observed a nearly complete removal of ibuprofen and triclosan during sand filtration, while Padhye et al. (2014) reported poor elimination of these compounds during filtration by sand and activated carbon. The variations among studies could be due to the different operational strategy (e.g. temperature, frequency and intensity of backwashing) and different native microbial populations that grew on the surfaces of filters and activated carbon, which presented different biodegradation efficiency (Benner et al. 2013) . Oxidation processes such as ozonation and chlorination usually remove PPCPs with effect (Esplugas et al. 2007; Gao et al. 2014; Najjar et al. 2013; Wols et al. 2013; Yuan et al. 2009 ). Through the monitoring of the fate of PPCPs in a WTP, Padhye et al. summarized that pre-ozonation and intermediate ozonation were the most effective to eliminate PPCPs, and the removal rate of the latter reached more than 75% (Padhye et al. 2014) . However, oxidation processes have their drawbacks, that is, PPCPs could not be completely decomposed and would be transformed to products, which might be more toxic and bioactivated (Buth et al. 2011; Dodd et al. 2010; Fiss et al. 2007; Muller et al. 2012) .
China leads the world in pharmaceutical production and consumption capacity. The PPCPs occurrence and removal in WTPs in China require investigation. In this study, 29 PPCPs were selected as targets due to their common application and frequent occurrence in the environment (Daughton and Ternes 1999) . Their occurrence and fate in two typical WTPs in autumn and winter were investigated as dry season and low temperature were thought to be the ''assistant'' of more sever PPCPs contamination. Before experiments with real water samples, two extraction processes were also evaluated for their extraction efficiency. In addition, since coagulation, flocculation and sedimentation are widely used treatment processes, the possible improvement of them to remove PPCPs by addition of hydrogen peroxide to trigger the Fenton reaction was also investigated in this study. To sum up, the aims of this study are: (1) to evaluate the extraction efficiency of two sample pretreatment processes for simultaneous determination of the chosen PPCPs; (2) to investigate the occurrence and fate of target PPCPs in chosen WTPs; (3) to study the improvement of coagulation process to remove PPCPs.
Materials and methods

Materials
Twenty-nine standards of target PPCPs were purchased from Sigma-Aldrich (USA). The details of them are listed in Table S1 . The isotope of investigated PPCPs was used as internal standards and obtained from Cambridge Isotope Laboratory (Andover, MA, USA). Stock solutions of these standards were prepared by dissolving each compound in methanol. HPLC-grade methanol (C 99.9%) was purchased from Merck (LiChrosolv Ò , Merck, Germany). Formic acid (LC-MS grade, LiChropur Ò , 98%-100%), ammonium formate (mass spectrometry grade, C 99.0%), and ammonium acetate (mass spectrometry grade, C 99.0%) were purchased from Sigma-Aldrich (USA). Ultrapure water was obtained from a Millipore (USA) Milli-Q water purification system. Figure S1 outlines the treatment processes of two WTPs. In WTP1, raw water was pumped into a reservoir, from which it was piped and flowed through a flocculation unit and a sedimentation unit. The settled water entered an ozonation (O 3 ) unit followed by a granular activated carbon (GAC) basin. After adsorption, water was filtered and chlorinated subsequently and finally reached a clear well. Prechlorination is employed in WTP2. After prechlorination and coagulation, water flowed through an anthracite filter followed by a GAC basin. Finally, water was chlorinated and entered a clear well.
Sample collection
Water samples were collected in duplicate in October and December 2014 at locations shown in Fig. S1 . For effluent of ozonation and chlorination, sodium thiosulfate was added to quench residual oxidants. Samples were filtered by 0.7 lm glass fiber filters (Whatman, USA) and stored at 4°C in the dark and then extracted within 2 days.
Sample pretreatment
Since the concentrations of PPCPs are at the level of ng/L, pretreatment methods to concentrate and purify samples become critical for precise quantification of PPCPs. Solid-phase extraction (SPE) is widely used to treat PPCPs samples. Based on the EPA Method 1694 (USEPA 2007), modifications that may improve the accuracy of PPCPs detection were reported in several studies (Yang et al. 2011 (Yang et al. , 2013 Ye et al. 2007 ). Thus, in this study, two widely applied SPE processes were compared. The first one was according to EPA Method 1694 in which the Waters Oasis HLB cartridge (USA) was used (USEPA 2007). The second one followed the method of Ye et al. (2007) and Yang et al. (2011 Yang et al. ( , 2013 , and the Phenomenex Strata-X column (USA) was employed (Yang et al. 2011 (Yang et al. , 2013 Ye et al. 2007 ).
Analytical methods
The concentrations of PPCPs were analyzed with ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). The UPLC-MS/ MS system consisted of an Agilent 1290 Infinity solvent delivery module, an Agilent 1290 Infinity autosampler, and an Agilent G6460 triple quadrupole mass spectrometer (USA). Chromatographic separation was achieved using an Agilent Poroshell 120 EC-C18 column (4.6 9 150 mm, 2.7 lm). The MS analyses were performed in electron-spray ionization (ESI) mode. For positive ion mode (ESI?), UPLC mobile phases A1 and B1 were used. A1 was methanol/acetonitrile (1/1) mixture with 0.1% formic acid, and B1 was ultrapure water that contained 0.1% formic acid and 0.5 g/L ammonium formate. The following gradient was used: 0-3 min, 98% A1; 3-6 min, 98% A1 to 50% A1; 6-9 min, 50% A1 to 0% A1; 9.1 min, re-equilibrate with 98% A1. The flow rate of the mobile phase was 0.3 mL/min, and the injection volume was 2 lL. For negative mode (ESI-), UPLC mobile phases A2 and B2 were used. A2 was HPLC-grade methanol, and B2 was ultrapure water with 46 mg/L ammonium acetate. The following gradient was used: 0-1.5 min, 98% A2; 1.5-3 min, 98% A2 to 80% A2; 3-5 min, 80% A2 to 30% A2; 5-11 min, 30% A2 to 10% A2; 11.1 min, reequilibrate with 98% A2. The flow rate of the mobile phase was 0.3 mL/min, and the injection volume was 3 lL. The details of MS analyses are summarized in Table S1 .
Results and discussions
Solid-phase extraction evaluation
Two SPE processes were evaluated in this study. Source water of WTP1 were pretreated by these two methods. The results are listed in Table 1 . Furthermore, parallel samples were adjusted to pH 2 by adding H 2 SO 4 and compared with samples at neutral pH.
As shown in Table 1 , only four compounds were detected at pH 2 in samples treated by both processes. Seven PPCPs, including dichlofenac, erythromycin, norfloxacin, roxithromycin, sulfamethazine, triclocarban, and trimethoprim, were detected in samples treated by Process 1, which were also detected in samples of Process 2. Bisphenol-A and triclosan were detected only in samples of Process 2; however, the signal-to-noise ratio (SNR) of which was below 10. SNR is a measure that compares the level of a target signal with the level of background noise. In MS analysis, SNR should be higher than 10 to quantify target compounds. SNRs of dichlofenac, erythromycin, and norfloxacin were higher in samples of Process 1, while SNR of roxithromycin, sulfamethazine, triclocarban were higher in samples of Process 2. It should be noticed that in Process 1, methanol/ water mixture was used to rinse the cartridge, which would cause the loss of some targets. Furthermore, larger amount of organic solvent was used in Process 1, which was less environmental friendly.
In consideration of the above-mentioned factors, Process 2 at neutral pH was chosen as sample pretreatment method in this study.
Removal of PPCPs by water treatment processes in WTPs
The PPCPs occurrence and removal rates (with respect to the initial concentrations of raw water samples) are summarized in Tables 2 and 3 . The raw water of WTP2 was unable to obtain. Thus, water samples after prechlorination was regarded as raw water of WTP2 here.
Six compounds including carbamazepine, erythromycin, roxithromycin, sulfadiazine, sulfamethazine, sulfamethoxazole were detected in raw water of WTP1 in October and December 2014. The total concentrations reached 554.97 and 293.06 ng/L in raw water. Four compounds including carbamazepine, erythromycin, roxithromycin, trimethoprim were found in raw water samples of WTP2 in both October and December, and sulfamethoxazole was detected in samples in December. The total concentrations were 12.94 and 8.33 ng/L in October and December, respectively. Sulfonamide and macrolide antibiotics such as sulfamethoxazole and erythromycin were detected frequently with relatively high concentrations which could be due to their widely used as both human and veterinary medicines (Sarmah et al. 2006; Sukul and Spiteller 2006) . The treatment processes of WTP1 are shown in Fig. S1a . After coagulation and sedimentation, the total concentration of PPCPs reached 468.86 and 265.06 ng/L in samples of October and December, respectively, which decreased to 45.04 and 26.83 ng/L in the effluent of ozonation and GAC tank, 44.70 and 28.84 ng/L after filtration, and 24.95 and 0.30 ng/L after chlorination. WTP2 also employed coagulation and sedimentation as the first treatment process. But then anthracite filtration was applied instead of ozonation (Fig. S1b) . In WTP2, less than 10% and 20% of PPCPs were removed after sedimentation and anthracite filtration, respectively. GAC process contributed to the elimination to a certain extent. In samples of October and December, total concentrations of 8.81 and 3.71 ng/L after GAC process were detected. Different from results observed in WTP1, chlorination appeared to be inefficient in WTP2. Probably because the concentrations in WTP2 (less than 10 ng/L) were much lower than that in WTP1 (up to about 50 ng/L); thus the removal was not distinctive. The final removal rate indicates a better efficiency of WTP1, of which the O 3 /GAC process contributed greatly to the total removal. The results in this study are consistent with previous reports (HuertaFontela et al. 2011; Padhye et al. 2014; Ternes et al. 2002) .
In general, conventional treatment processes such as coagulation and filtration were not efficient to eliminate PPCPs. The total concentrations of PPCPs after coagulation and sedimentation accounted for more than 80% of their initial total concentrations. During coagulation and flocculation, the interaction between the positively charged metal ion as coagulants [e.g. Fe(OH) 2? , Al(OH) 2? ] and the negatively charged organic colloids, the insoluble complexes formed by metal ion and soluble organic molecules, and the physicochemical adsorption of organics on the surface of flocs were thought to be three main mechanisms of pollutants removal. Hence, this process is not expected to remove hydrophilic PPCPs efficiently. PPCPs detected in this study are not so hydrophobic. Consistent with previous study, they did not present high removal during flocculation and sedimentation (Padhye et al. 2014; Westerhoff et al. 2005; Ye et al. 2007 ). However, in this study, the removal efficiency of sulfamethazine by these process in WTP1 was above 50%. Because the concentration of sulfamethazine in raw water samples was low (about 3 ng/L), slight variation of concentration may exaggerate the removal efficiency. The negative removal rate of trimethoprim in WTP2 may also due to this reason.
GAC process adsorbs compounds with hydrophobicity, low water solubility, and higher molecular weight. It showed some elimination of targets in this study. As mentioned, the PPCPs detected here are not hydrophobic, which indicates they will not be efficiently adsorbed by GAC. However, there were biofilm growing on the surface of activated carbon beds. The removal of targets may also due to the bioadsorption and biodegradation of biofilm. When combined with ozonation, such as WTP1, O 3 /GAC process showed great ability to eliminate PPCPs. O 3 is a selective oxidant which is reactive with unsaturated bonds, phenols, and amines. A majority of PPCPs are just ''qualified'' to react with O 3 . When O 3 decays in water, the reactions with water produce hydroxyl radicals which is even more reactive and less selectively (Grimes et al. 1983; Hoigne and Bader 1978; Khuntia et al. 2015) . Furthermore, after ozonation, the hydrophilicity of compounds may change, which makes the products more adsorbable by GAC (Padhye et al. 2014 ).
Ozonation products of erythromycin
As presented in the results of sample analysis, erythromycin frequently occurred with high concentration. Although ozonation efficiently decomposed the parent compound, the mineralization of it might not complete and many products could be generated. Hence, the major ozonation products of erythromycin were further analyzed here. According to Luiz et al.'s study, seven major products of erythromycin were generated after ozonation (Luiz et al. 2010) , and among which, four were detected in samples of WTP1, and the molecular weight of them is 476, 575, 719, and 749, respectively. Due to the lack of standard compounds, they were not quantified and the peak areas of their mass spectra were set as the y axis. The peak area is not precise, but still it indicates the variation trend. As shown in Fig. 1 , these products existed in raw water, which indicates that the degradation of erythromycin by O 3 is not the only formation pathway of these compounds. Coagulation, sedimentation and filtration did not have much impact on the removal of them. After O 3 /GAC process, the amount of A and B decreased, and the amount of C increased. After chlorination, these four compounds all largely decreased. The results indicate further GAC and chlorination process after ozonation can eliminate the degradation by-products to some extent. However, whether they were completely decomposed or transformed to other halogenated products needs further investigation.
''Feroxide process'' Coagulation, flocculation and sedimentation units are such mature techniques that they are employed almost in every WTPs. However, they are unable to remove micro organic pollutants efficiently. Previous studies suggested that Fe 2? and Fe 3? with hydrogen peroxide (H 2 O 2 ) not only generated hydroxyl radicals as known as 'Fenton's reagent', but also acted as coagulants in water (Kang and Chang 1997; Kang et al. 2002; Kim et al. 2004 ). This process is named ''Feroxide process'' here. Since coagulation is so widely applied, and the addition of H 2 O 2 when iron salts are used as coagulant can probably enhance the removal of micropollutants, the feasibility of Feroxide process is worth of investigation.
The experiment was conducted at room temperature of roughly 25°C using a six-place gang stirrer (Meiyu, China). 1.5 L of raw water was spiked with PPCPs stock solutions to make the finally PPCPs concentrations of roughly 100 ng/L. 20 mg/L FeCl 3 , 20 mg/L FeSO 4 or 10 mg/L H 2 O 2 was added into different reactors, and the concentrations were based on the chemicals of FeCl 3 , FeSO 4 and H 2 O 2 . Mixing conditions were 2 min of rapid mixing at 300 rpm, 8 min of flocculation at 100 rpm, 8-min coagulation at Fig. 1 Intensity variations of ozonation products of erythromycin in WTP1 in a October; b December 50 rpm, and 20 min of settling time. The supernatant was sampled and filtered by 0.7-lm glass fiber filters before SPE pretreatment. Two pH conditions were tested.
As shown in Fig. 2 
In acidic condition, a large number of hydroxyl radicals were generated; hence a great deal of targets was degraded. However, at neutral pH, little decrease in PPCPs in the presence of Fe 2? and H 2 O 2 was observed. The results suggest that Feroxide process is impracticable during water treatment. Although it takes effect in acidic condition, it may be uneconomic to employ this process under common condition. However, when acidic wastewater is involved, this process may have its potential application. 
Conclusions
Six PPCPs with total concentrations of 554.97 and 239.06 ng/L were detected in the raw water samples of WTP1 in October and December, respectively. Among them, sulfamethoxazole and erythromycin were frequently detected with high concentrations due to their widely use as both human and veterinary medicines. Similar situation was observed in WTP2, while the total concentration in which was about 10 ng/L. Removal efficiency varied among compounds and treatments. In general, coagulation, filtration and GAC processes did not eliminate chosen PPCPs efficiently (removal rate did not exceed 50%), probably due to their hydrophilicity. Ozonation degraded more than 80% of PPCPs. However, take erythromycin, for example, some by-products that retained the basic structure were detected, which indicates an incomplete mineralization. Further GAC and chlorination processes could not remove them completely, which poses potential risks of PPCPs contamination although the parent compounds were removed. ''Feroxide process'' that combined coagulation and Fenton reaction could remove PPCPs more efficient than coagulation only under acidic condition.
